The dissolution rate of hydrous oxides of iron, chromium and nickel in acid solutions was expressed as follows; v=kaH+2aAm, where aH+ is the proton activity, aA the anion acttvity, l the reaction order for proton and m the reaction order for anion.
Introduction
Hydrous metal oxide is a corrosion-product of metals in aqueous solutions. The hydrous metal oxide film on metals has a high corrosion resistivity in some case but accelerates the corrosion of metal in the other case. Such a behaviour of hydrous metal oxide films usually depends upon the physico-chemical properties, for example, ionic transport through the film, non-stoichiometry of the film, and semiconducting property.
Hydrous metal oxide is used as an active material for the battery electrodes, for example, hydrous nickel oxide as a cathode electrode of alkaline battery. The study of acid dissolution of hydrous metal oxide is very important to understand the corrosion of metals and to examine the reactivity of active materials in batteries.
Engell1) studied the acid dissolution of semiconducting metal oxide, FeO, Fe3O4 and CdO, and found that the dissolution rate depended upon the electrode-potential.
He explained the potential-dependence of the dissolution rate from the electrochemical point of view, in which the following assumptions were made; 1) the transfer of ions across the Helmholtz layer at the oxide-electrolyte interface determines the rate of the dissolution, 2) the oxygen ion and metal ion in the oxide can move independently each other, and 3) the rate of transfer of these ions across the Helmholtz layer depends logarithmically on the electrode-potential. Vermilyea2) derived theoretically the equation of dissolution rate as a function of the proton concentration in acid solution. Vetter3) studied the growth and dissolution of passive films on iron in 1N sulfuric acid and concluded that at the steady state the potential drop in the Helmholtz layer at the oxide-electrolyte interface could be determined only by the solution pH and that the rate of transfer of metal ion across the Helmholtz layer was controlled by the potential drop.
Furuichi et al.4) studied the dissolution of a hydrous ferric oxide prepared by precipitation and found that the dissolution rate depended upon the pH and the activity of anion in acid solutions. He, however, discussed the dissolution mechanism from the view-point of complex chemistry as the dissolution rate was proportional to the stability constant of iron-anion complex which was expected to be formed in acid solutions during the dissolution process. Thus it is necessary to dis-*Nishi 8 chome, Kita 13 jyo, Kita-ku, Sapporo 060, Japan cuss his results from the electrochemical point of view. In our previous report51 the dissolution mechanism of hydrous chromium oxide prepared by precipitation was discussed from the electrochemical point of view on the basis of Vetter's assumption that the potential drop across the Helmholtz layer at the oxide-electrolyte interface was determined only by the pH of solution. This assumption, however, is tolerable only in the limiting case where the reaction of OH in hydrous chromium oxide with proton in the solution is in equilibrium.
In this paper the results of hydrous oxides of iron4), chromium5) and nickel6) are discussed from the electrochemical point of view in the case where the reaction of OH in hydrous oxides with proton is not in equilibrium, and the effect of anions on the dissolution rate is explained taking into account that the anion adsorbed on hydrous oxide forms a metal-anion complex which dissolves in the solution as an intermediate compound.
2. Dissolution mechanism of hydrous oxide from electrochemical point of view Furuichi4) and Seo5) found that the kinetics of dissolution of hydrous oxides obeyed a linear rate law and the dissolution rate could be described as follows; v=kaH+aAm where aH+ is the proton activity, aA the anion activity, l the reaction order for proton and m the reaction order for anion. Table 1 shows the experimental values of l and m for the hydrous oxides of iron, chromium and nickel. The value of l is close to 0.5 irrespective of the species of hydrous oxide but the value of m depends upon the anion species.
The dissolution reaction may be electrochemically regarded as consisting of two coupling and coupled reactions at the hydrous oxide-electrolyte interface as shown in equations (2) (3) where (H. O.) means the hydrous oxide phase. Figure 1 shows a schematic potential distribution between hydrous oxide and electrolyte. The potential of hydrous oxide referred to electrolyte, cbon is the sum of the potential difference in the space charge region of hydrous oxide, csc, the Helmholtz layer, OHL and the diffuse layer of electrolyte, ODL. Bohnekamp and Engell7) showed that cbsc is independent of electrolyte pH. Engell1) considered that the potential externally applied to oxide could change Osc but could not change 5HL If the concentration of electrolyte is high, ODL is negligibly small.
Assuming that the driving force for hydrous oxide-dissolution is OHL under the condition of O sc=constant and ODL=O, the reaction rates of equations (2) and (3) are expressed as follows;
Me=+expDT (5) where electric charge number of OH-, z+ the electric charge number of M&, F Faraday constant and R gas constant. Fig. 2 shows iOH-and iMez+ as a function of OHL, that is, a polarization curve of hydrous oxide. The point of intersection of iOHand iMez+ in Fig. 2 corresponds to the net-dissolution rate. OHL at the point of intersection can be written as follows;
HLIn(XaH+( az-crzWki By substituting equation (6) into equation (5), equation (7) can be obtained.
z+/C-tHfuy-1-a+z+/(a+z+-az) Mer(lr. la -z-/(a+z+-az-)H+aq
Since equation (7) is equivalent to the experimental equation (1), a+z+/a+z+-a_z_ is approximately equal to 0.5. Thus the value of z+ is estimated to be+1 because of z_=-1 assuming a_=a+=0. 5. z+=+1 means that the metal ion transfers into electrolyte across the Helmholtz layer in the form of an intermediate metal-anion complex with electric charge of +1.
The equation (7) is insufficient to express the dissolution rate because it can not explain the anion effect. The anion effect on the dissolution rate, however, can be explained by assuming in place of equation (3) the following equations (8) and (9), in which some metal-anion complexes are involved;
where Ar-is the anion with the electric charge number of r, Ar-ad the adsorbed anion on hydrous oxide, P the number of anion coordinated to Mez+ and n the number of OH-coordinated to Me. If the reaction of equation (8) is in equilibrium, the reaction rate of equation (9) can be written as follows;
where K8 is the equilibrium constant of equation (8) .
If the isotherm of anion adsorption on hydrous oxide is assumed to be of Freundlich type, where K11 is the adsorption constant and 0<q<1. The Freundlich isotherm is often used as an empirical isotherm, but its theoretical basis has already been established by Zeldowitch8) who derived it from the summation of each Langmuir isotherm at heterogeneous adsorption sites. The reaction rate of equation (9) From comparison of equation (13) derived above with the experimental results given by equation (1), it can be obtained that z+-n-rp= 1.0 and that 2m=pq, both being held independently. The values of m are known experimentally as shown in Table 1 and the values of n, p and r are regarded as positive integral numbers. Thus, the possible combination of n and p can be determined. For example, there is only one possible combination of n and p, n=0 and p=2, for the dissolution of hydrous ferric oxide in acid solutions containing Cl-because of n+p=2, pq=1.44 and 0<q<1.
The combination of n=0 and p=2 means that the intermediate metal-anion complex may be FeCl2+. For the dissolution of hydrous ferric oxide in acid solutions containing SO42-, there is also only one possible combination of n and p, n=0 and p=1, because of n+2p=2, pq=0.7 and 0<q<1, suggesting that the intermediate metal-anion complex may be FeSO4+. On the other hand, for the dissolution of hydrous chromium oxide in acid solutions containing CF-, there are two possible combination of n and p, n=0 and p=2 or n=1 and p=1, because of n+p=2, pq=0.54 and 0<q<1.
Thus, the intermediate metal-anion complex may be CrCl2+ or Cr(OH)Cl+. Table 2 shows the intermediate metal-anion complex thus estimated for different hydrous oxides of iron, chromium and nickel.
Conclusion
The dissolution mechanism of hydrous metal oxide has been discussed from electrochemical point of view. The dissolution reaction consists of two coupling and coupled reactions whose rates are controlled by the potential difference, OHL. The following two reactions are considered to explain the experimental dissolution rate which depends upon the activity of proton and anion in acid solutions.
OH(H.O.)+H+aqH2Oaq
[Me(OH)n(Ar)p](z+-n-rp)+ [Me(OH)n(A.r)p]a-n-rp)+
The net dissolution rate has been theoretically derived as shown in equation (13) by superimposing these two reactions.
The form of the intermediate metal-anion complex, [Me(OH)n(Ar-)p](z+-n-rp)+, which transfers across the Helmholtz layer, has been estimated as shown in Table 2 from the comparison of experimental results with theoretical derivation, assuming that the anion adsorption on hydrous metal oxide is of Freundlich type.
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